The main objective of this study is to evaluate the treatment and simultaneous production of methane from low-strength petrochemical wastewater by single membrane-less microbial electrolysis cells. To achieve this objective, the influence of variables such as applied voltage, operation mode, and hydraulic retention time (HRT) on the performance of the MEC system was investigated over a period of 110 days. According to the obtained results, the maximum COD removal efficiency in the batch mode was higher than which in the continuous mode (i.e. 85.9% vs 75.3%). However, the maximum methane production in the continuous mode was almost 1.6 times higher than which in the batch mode. The results show, COD removal, methane content, and methane production in both operation modes, were enhanced as applied voltage increased from 0.6 to 0.8-1 V. The proportion of methane, methane production rate, and COD removal were increased as HRT decreased from 72 to 48 h, while these values were decreased as the HRT decreased from 48 to 12 h. In continues mode, the energy efficiency had a range of 94.7% to 97.9% with an average of 96.6% in phase III, which almost recovered all of the electrical energy input into the system. These results suggest that single membraneless microbial electrolysis cell is a promising process in order to the treatment of low-strength wastewater and methane production.
Introduction
The petrochemical industry, including petrochemical processing, oil refining, and natural gas production, consumes large amounts of wastewater. Hence, petrochemical industry generates the large water volume with poor biodegradability. The petrochemical wastewater contains oil, heavy metals, salt, sulfide, volatile organic matters, polycyclic aromatic compounds, aliphatic hydrocarbons, organic acids, sulfides, etc. [1, 2] . Various methods are used for petrochemical wastewater treatment. Physical, biological, and chemical methods can be used for treating petrochemical wastewater. Also, various wastewater pre-treatment methods used by the industry include coagulation, flocculation, adsorption, using membranes, and chemical oxidation. Generally, there are several challenges to remove small suspended oil particles and organic pollution by sole use of physical or chemical technologies. In contrast, biological treatment methods are more costeffective and sustainable compared to physical and chemical oxidation processes [3] . Biological treatment of petrochemical wastewater can be cost-effective, environment-friendly, and less costly compared to other techniques. For example, in physical method, MBR and active carbon are used for treating petrochemical wastewater. MBR has some disadvantages like high operational and investment costs [2] . There are two types of biological treatment methods, containing aerobic and anaerobic microorganisms. The toxicity of the organic compounds on types of microorganisms is a serious problem during biological treatment [4] .
Anaerobic treatment has several advantages over the aerobic processes, which include lower sludge production, less energy needs due to elimination of aeration and generation of methane as an energy source which can be used for temperature control [5, 6] . The anaerobic treatment methods also have disadvantages like poor biodegradability of hydrocarbons by microorganisms [2] .
Therefore, in order to overcome these limitations, biological wastewater treatment technologies require suitable processes to enhance the treatment efficiency. Compared with anaerobic treatment, it has been demonstrated that BES could significantly increase the removal rate of hydrocarbons.
Bioelectrochemical systems (BESs) are a novel technology for generating power and simultaneous treatment of wastewaters [7] . In the anode, electrochemically active bacteria oxidize organic substances and generate CO 2 , protons and electrons. Exoelectrogenic bacteria transfer the electrons to the anode surface, and the protons are released into the solution. Electrons travel through the external circuit to a cathode [8, 9] .
In the MEC, microbes are biocatalysts that can convert organic matters into H 2 and value-added chemicals, such as methane, acetate, hydrogen peroxide, ethanol, and formic acid. Thus, MES systems can generate clean and renewable energy. Hence, MES is an alternative technology for conventional treatment method [10] . In MEC systems, because of shortcomings in the hydrogen production, such as low purity, low volumetric efficiency, and difficulty of storage, some scholars evaluated the methane production potential by the use of MEC [11] .
Although various methods had been developed to inhibit methane production, the methane production was widely observed in those types of MECs used for hydrogen production. Therefore, that hydrogen generation fails due to methanogenesis after long-term operation of MECs. It was concluded that methane generation might be more suitable than hydrogen production in MECs. In MEC systems, bioelectrochemical production of methane was theoretically produced in two pathways: first, the methane generation by hydrogenotrophic methanogenesis, secondly, electrons and H + are directly converted to methane. The single membrane less microbial electrolysis cell has been a simple architecture with low capital requirements. Recently, single-chambered MECs have been operated for methane production [12] . In this system, electromethanogenesis uses an electric current as the source of the electrons for reducing CO 2 to CH 4 . In cathode, electrons can be transferred either directly or indirectly to the methanogens [13] .
The microbial electrolysis cell technology has been widely used to treat various synthetic and real wastewater in recent years such as domestic wastewater [14] [15] [16] ,molasses wastewater [17] , saline wastewater [18] , hydrothermal liquefied wastewater [19] , refinery wastewater [20] , food processing wastewater [21] .
This study has been conducted on the use of a microbial electrolysis cell to treat low-strength petrochemical wastewater. So, the purpose of this study was to evaluate the simultaneous treatment and generation of methane from petrochemical wastewater by applications of microbial electrolysis cell. Therefore, a MEC system was operated for 110 days to treat petrochemical wastewater, and the objectives of this study were (1) to investigate the effect of two key factors, such as applied voltage, hydraulic retention time (HRT), on the performance of the MEC system, (2) to evaluate the operation mode on the performance of the MEC system.
Material and method
The petrochemical wastewater characteristics
The petrochemical wastewater used in this study was taken from a petrochemical industry located in Isfahan (Iran). The petrochemical wastewater had a chemical oxygen demand (COD) of approximately 490-534 mg/l. The petrochemical wastewater was stored in a cooled room at 4°C and brought to room temperature before feeding to the MEC. The characteristics of petrochemical wastewater used in this study is shown in Table 1 .
Reactor setup MEC
Two single membrane less microbial electrolysis cell were made of polymethyl methacrylate (Fig. 1) . The systems were 15 cm long, 15 cm wide and 10 cm deep with a total volume of 2.25 L. The MECs in this work have 0.45 L headspaces and 1.8 L working volume. The inoculum was obtained from an anaerobic digester of Isfahan municipal wastewater treatment plant (Isfahan, Iran). The MECs were filled with the anaerobic sludge with a mixed liquor suspended solids (MLSS) content of 25,740 mg/l and mixed liquor volatile suspended solids (MLVSS) 11,100 mg/l. The anode (10 cm width × 10 cm length) and cathode (10 cm width × 10 cm length) were held together by plastic screws with electrodes spaced 2 cm apart. Also, a thick piece of polyester cloth was placed between the anode and the cathode to avoid any electrical contact between the two electrodes.
The electrodes were connected to a DC power source for voltage control through titanium wires. The electrical current through the system was monitored and recorded by a data logger (ELR2510, Iran) connected to the electrodes. The influent was pumped with a peristaltic pump (PRP-TN-556, TOOS NANO Company, Iran) into the MEC systems. Biogas was collected in a gas bag which was attached on the top of the MEC systems. The MECs were purged with pure nitrogen gas for 20 min to remove oxygen prior to use. The MECs were fed with petrochemical wastewater, which was mixed with 50 mM phosphate buffer solution (Na 2 HPO 4 , 4.58 g/L; NaH 2 PO 4 .
. The temperature of MECs were controlled by a water jacket to maintain the operation at a constant mesophilic temperature of 34 ± 1°C.
Chemical analyses
Chemical oxygen demand (COD) was measured using standard methods (method 5220, HACH COD system, HACH Company, Loveland, Co) [22] . The pH was measured using a pH meter (model 7440). TSS and sulfide were determined according to the standard methods [23] . The biogas (CH 4 ,H 2 and CO 2 ) were analyzed by a gas chromatography (Sp-3420A, Beijing Beifen Ruili Analytical Instrument CO) equipped with a packed column (Porapack Q, Chrompack, 3 m length, 3 mm ID, stainless steel, Germany) with a thermal conductivity detector and the injection temperature of 140°C. Nitrogen was used as the carrier gas with a flow rate of 20 ml min −1 . Gas samples were injected with a 250 μL pressure lock gas syringe (SGE, Australia). The biogas production was measured by liquid displacement method.
Biofilm analysis by scanning electron microscopy (SEM)
The sample of carbon cloth (anode) was collected at the end of experiments. The sample was washed three times with 0.1 M phosphate buffer solution (pH 7.4) and fixed in the same buffer solution using 2.5% glutaraldehyde at 4°C for 4 h, followed by washing three more times with the 0.1 M phosphate buffer solution. The sample was then dehydrated in increasing ethanol concentrations of 50, 70, 90, and 100% (15 min each), and then air-dried. Then, the sample was coated with gold particles (SC7620 Sputter Coater) to increase signal detection and visualized on a Scanning Electron Microscope (Zeiss EVO HD15). 
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Electrochemical calculations
The Coulombic efficiency (C E% ) was calculated on the basis of measured coulombs of current compared to the total coulombs from substrate removed (based on COD) as presented in eq. (1,2):
where I is the current (A), F is Faraday's constant, q is the volumetric influent flow rate (L/s), and ΔCODis the difference between the influent and effluent COD (g/l), V An is the volume of liquid in the anode compartment [24] . Electric energy supply (W E ) in MEC system was calculated according to the following Eq. (3):
Where I is the current (A), E ap is the applied voltage, Δt is the time of the experiments [25] . The net chemical energy output (in the form of methane) from the MEC can be calculated as follow [25] :
Where ΔH methane is the energy content of CH 4 based on the heat of combustion (upper heating value) (891 kJ/mol), Δt is the time of experiments (hour). V 1 is the accumulative CH 4 production in the MEC system (mL/h), V 2 the accumulative CH 4 production in the control system (mL/h) and V m is molar volume of the gas. Energy efficiency (η E ) relative to the electric energy supply and energy output was calculated by the following Eq. (5):
Cathodic gas recovery (r CAT ) was calculated as the ratio of moles of methane measured and moles of methane theoretically produced based on current intensity measured, as presented in eq. (6):
where η CH 4 is the number of moles of methane measured, calculated according to the ideal gases law knowing the methane volume measured and 8 is the number of moles of electrons per mole of methane [13] .
Start-up and operation of MEC systems
This study lasted 110 days and the COD value of the influent petrochemical wastewater was 490-534 mg/l. The experiments were conducted in two MECs (MEC, control MEC).
The control MEC was a microbial electrolysis cell, open circuit, with no energy input (control system). The experimental period was divided into four phases, as was shown in Table 2 . The systems were operated into four phases: phase I (start-up) (from 1st day to 30th day), phase II (from 31th day to 54th day) and phase III (from 55th day to 78th day), phase IV (from 79th day to 110th day).
In startup phase, MEC system was started with petrochemical wastewater at HRT of 72 h for one month. At this phase, the MEC system was operated in batch mode under applied voltage 0.6 V, so as to stabilize the biofilm formation and attachment on the electrodes. After the MEC reached to steady state condition, the operation phases were started. The stable performance was achieved after 30 days operation in startup phase, as indicated by the slight variation of COD removal efficiency and current. In phase II, the effect of applied voltage on the performance of MEC system was investigated in batch mode. In this phase, the applied voltage gradually increased from 0.6 to 1 V at HRT of 48 h. In phase III, the wastewater was continuously fed into the MEC at HRT of 48 h, and the effect of the applied voltage at 0.6, 0.8, and 1 V on MEC performance was investigated in terms of COD removal and biogas production and current. In phase IV, the applied voltage was maintained at 1 V and the effect of HRT on MEC performance was evaluated at the HRT of 72, 48, 24 and 12 h within the next 30 days.
Results and discussion
In this study, the performance of a membrane less microbial electrolysis cell for treatment low-strength petrochemical wastewater was evaluated in different condition. In each applied voltage or HRT, each experiment lasted at 4 cycles to ensure that the MEC reached a steady state. The MEC performance was described by using three main parameters, current, methane production, and COD removal. Summary of achieved results shown in Table 3 . 
The COD removal
The main function of a MEC system using wastewater as its anode substrate is considered to be pollutant removal; thus, COD removal is a key parameter to evaluate the MEC performance [26] . In the previous studies, bioelectrochemical systems were proved as an effective technology to degrade complex organic substrates. Actually, these systems have a high diversity of biomass in electrode biofilm to increase carbon degradation [10] . At the start-up of the MEC system, the COD removal rate increased from values in the range of 18-20% up to the values in the range of 55-56%, with COD effluent values in the range of 171-179 mg/ l, while the COD removal rate at the end of the startup phase in the control system was only 30%. In this phase, the removal rate of COD started to increase by increased production current with time. This is due to biofilm production included exoelectrogenesis on anode which enhances organic matter oxidation (increase COD removal) and electron production (current increment). The previous studies suggested that the COD removal rate in the MEC system was improved during this phase probably due to the formation of biomass on the electrodes [27] . As it presented in Fig. 2 since the third week with methanogen growth on the anode, Methane gas production started to increase which this increment coincided with COD removal and current reduction. Because of partly consumption of generated electron from organic matter oxidation consumed with methanogens, production current was diminished. Jourdin et al. suggests that the high electron consumption and microbial electrochemical activity in MEC may be attributed to significant bioelectrochemical activity through the development of a uniform formed biofilm on the anode [28] .
In phase II (batch phase), the MEC was operated in different voltages (0.6, 0.8 and 1 V) at HRT for 48 h. The applied voltage in MEC was gradually increased in these phases from 0.6 up to 1 V. After the stability of MEC in each voltage, the applied voltage was changed. The steady state condition is achieved when the changing the rate of parameters such as COD is impalpable [29] . In the phase II, by increasing the applied voltage COD removal rate increased significantly. According to the result, COD removal rate of 71.1%, 78.5% and 85.9% were achieved in 0.6, 0.8 and 1 V respectively. By contrast, in this phase, the COD removal rate of 51% was achieved without applying the voltage for control system. It seems that increased voltage improves MEC performance due to stimulation of microorganisms by the applied voltage. The development of COD removal rates also showed a similar trend to current profile increases. Also, results showed that increase voltage induced more oxidation of organic matter and followed by increase methanogens activity and methane production.
Following the batch tests, the MEC was operated in continuous mode at the hydraulic retention time of 48 h. In this phase, the COD removal rate of 58.4%,64.7% and 72.6% were achieved in 0.6, 0.8 and 1 V, respectively. In continues mode, the COD removal efficiency was substantially higher than that was obtained by Escapa et al., who achieved the COD removal rate of 10% in membrane-less microbial electrolysis cell for domestic wastewater treatment [15] . Heidrich et al. also reported the achievement of COD removal rate in range of 1.8-63.1% in an MEC, but it was still lower than that obtained within this research [14] . In this phase, the COD removal trend and methane production were similar to the phase II.
As shown in Fig. 2 , for phase II and III, COD removal in the MEC system was enhanced as applied voltage increased from 0.6 to 0.8 V and then to 1 V. Generally, the operation mode was considered as one of the most important factors affecting the performance of BES [19, 30] . According to the results, the COD removal in phase batch is significantly better than its performance in continuous phase. In control system, COD removal rate at the end of the third phase in nonapplied voltage conditions was around 49%. Results also revealed that in non-applied voltage conditions, operation mode was less effective on COD removal rate. It seems that exogenesis bacteria in batch mode possess more available substrate and activity rather than continuous mode. So, substrate oxidation rate and then COD removal is more than batch mode.
In phase IV, the performance of MEC systems was evaluated at four different HRTs with a constant applied voltage of 1 V. Therefore, MEC was operated in voltage of 1 V at HRTs of 72, 48, 24 and 12 h, while, control system was operated in voltage of 0 V at HRTs of 72, 48, 24 and 12 h. In this phase, in control system, the result shows that lower HRTs resulted in decreased COD removal and relatively more COD concentrations in the effluent wastewater in the control system. The previous studies indicated that this progress could be the result of inhibiting the substrate at lower HRTs (Figs. 3 and 4) .
In MEC, decreasing of HRT from 72 to 48 h leads to increased removal rate of COD in MEC. An explanation for this trend is that a decrease in the HRT is associated with an increase in the amount of substrate fed into the reactor. Also, decreasing of HRT from 72 to 48 h leads to increased methane production increased in accordance with COD removal increment. It seems that enhanced organic loading rate leads to increase COD removal rate and then methane production. This trend was not observed at the HRTs of 24 and 12 h, probably because of the partial washout of the methanogenic biomass. So, methane production decreased significantly. The previous studies reported that this trend is the occurrence of the shocked OLR [5] .
Electrochemical properties of MEC at different phases
In startup phase, the current in the MEC was below 1 mA in the first 4 days, under a supplied voltage of 0.6 V. During the start-up phase, the current ascended to a peak until it reached its maximum peak on the 21th day. It seems that the formation of biofilms on the electrodes is the main reason for the increase of current in the startup phase. After that, the current decreased since the 21st day. This reduction was due to the production of methane in the system. Differences in bioelectrochemical behavior were observed during batch and continuous phases. In the batch phase, after applying any voltage, the current reached a maximum value and then the current was reduced. These observations correlate with the reported results by Koch et al. [31] . It seems that the increase of current related to the destruction of complex organic matter into the simple organic matter. Also, the decrease in current occurred due to the consumption of organic materials. In contrast, the current profile in continues mode was a more sustained current throughout the tests.
In phase II (batch phase), the stable current was obtained as 9.4,13.7, and 18.7 mA, on the voltage of 0.6, Methane production (ml) COD removal (mgl/)
Time (day)
COD removal Methane producƟon Fig. 2 Performance of the MEC in terms of COD removal and methane production 0.8, 1.0, respectively at HRT of 48 h. The area of the carbon cloth was 100 cm 2 which meant the stable current density was 1.06, 1.42, 2.04 A/m 2 . In phase III, immediately after start-up of the continuous mode operation, the current dropped (from 18.7 to 3.5 mA), but gradually increased with time of operation (4.2 mA). The current increased gradually with the increase of voltage to 4.8, 5.4 and 5.9 mA for 0.6, 0.8 and 0.1 V, respectively.
The results show that the current generation in the batch mode was also higher than the continuous mode in MEC. The batch mode produced the highest current densities, with a maximum current density of 2.46 A/m 2 for the petrochemical wastewater, while, under continuous flow conditions and hydraulic retention time of 48 h, the maximum current density was 0.74 A/m 2 . These results were consistent with the COD removal rate in these phases.
In phase IV, when HRT decreased from 72 to 48 h, the current increased gradually from 5.8 to 8 mA, while the current increased significantly as HRT decreased from 48 to 24 h (8 to 12.9 mA) and then from 24 to 12 h (12.9 to 20.6 mA). Current rate increment concord with methane production rate reduction. Results showed that reduction in hydraulic retention time from 48 to 12 h, a lower amount of electron produced by substrate oxidation turn into methane gas. So, the current rate increased significantly.
The coulombic efficiency (C E ) is a key parameter to evaluate the performance of MEC systems. Theoretically, the coulombic efficiency is a parameter to evaluate the fraction of electrons available from organics that ends up as electrical current [32] .
In phase II (batch phase), the C E enhanced from 43.3% to 53.2% and from 53.2% to 73.8% when the applied voltage increased from 0.6 to 0.8 V and from 0.8 to 1 V, respectively. The increase of coulombic efficiency suggested that the anodic oxidation gradually became the main pathway for organic matter destruction during the phase II [32] . In phase II, the maximum C E was found with a value close to 73.8%. This result indicates that at applied voltage 1 V at least 73.8% of the substrate was biologically recovered as electrons.
The C E production of the MEC was very low in the phase III, the highest being 13.5% in MEC system with a COD removal of 64.7% and current of 6.7 mA. In continuous phase, the coulombic efficiency increased from 11.8% to 13.5%, and then, decreased from 13.5% to 11.7% when the applied voltage increased from 0.6 to 0.8 V and from 0.8 to 1 V, respectively. In continuous mode, the C E was low. In phases III, anodic coulombic efficiency suddenly decreased and dropped to 11.7% at the end of phase, indicating that the anodic oxidation only contributed to a small part of organic decomposition and methane production at this phase. This result shows that a significant amount of oxidized organic compounds has been converted to methane gas (through the process by methanogens) and hydrogen gas. Also, the previous research reported the presence of methanogens in anode due to low C E [12, 33] .
In phase IV, when the HRT decreased from 72 h to 48 h, C E declined from 22.9 to 14.7%. These results were related to increased methane production in the system. In the following, decreasing HRT (from 48 to 12 h) is due to the enhanced C E . This result could be related to increasing OLR and washout of the methanogens from the system. Cathodic methane recovery (r cat ) is the efficiency of converting current to methane. In both phases, the hydrogen was detected at the MEC on all the applied voltages. The results show that cathodic methane recovery in continuous mode was higher than the batch mode. The cathodic methane recovery in batch mode was 16.6%, 16.1% and 15.6% on the applied voltages of 0.6, 0.8 and 1 V, respectively, while, in continuous mode, it was 50.8%, 65.6% and 85.3% on the applied voltages of 0.6, 0.8 and 1 V respectively. Also, in phase IV, its value was 65.5%, 61.5%, 25% and 20.4% at HRTs of 72, 48, 24 and 12 h, respectively.
In phase II, electrical energy input rate increased with applied voltage and ranged from 0.3 Wh at 0.6 V, to 0.98 Wh at 1 V. In phase III, electrical energy input rate increased with applied voltage and ranged from 0.14 Wh at 0.6 V, to 0.29 Wh at 1 V. According to the results, energy efficiency ranged from 18% to 31.8% with an average of 24.3% in batch mode which recovered in about a quarter of the electrical energy input into the system, while its value ranged from 94.7% to 97.9% with an average of 96.6% in phase III. Thus, the input of energy under all applied voltage could be neglected compared to the energy generated from methane and hydrogen, which meant that the experiments at all applied voltage caused a net energy output. In phase IV, its value was 0.46, 0.48, 0.5 and 0.62 Wh at HRTs of 72, 48, 24 and 12 h, respectively. While the amount of energy used is lower than that needed for activated sludge treatment, this energy use was offset by the energy content of biogas [34] . According to the results, the energy efficiency was not significantly correlated with applied voltage during phases II and III. In phase IV, the result shows that lower HRTs resulted in a major decrease of energy efficiency which was related to reducing activity of methanogens and the subsequent methane production. The suitable net energy recovery of MEC performance could substantially lower the treatment cost of petrochemical wastewater (Fig. 3) .
The pH level
The pH level is a key parameter which affects the performance of the bioelectrochemical systems. Also, Methanogens are sensitive to changes in pH and the optimal pH range of methanogen activity is 6.8-7.2 [16, 35, 36] . If pH be different from the optimized pH range of methanogens, the methanogenic activity decreased. However, Methanogens grow at a neutral pH range (6-8). Hu et al. was reported that MEC with a mixed culture achieved a maximum biogas production rate of with an suitable current density at pH 5.8-7.00 [37] . While O'Flaherty et al. was reported that above and below the pH range of 7.00-7.50, the growth rates of methanogens could be inhibited [38] .
The pH of the effluents was measured throughout experiments. In the startup phase, (days 0-10), the organic content of the petrochemical wastewater was converted to organic acids and the pH dropped to about 6.3. In days 15-30, when the intermediate compounds were converted via methanogenesis bacteria and microbial electrolysis, the pH started to enhance. So that at the end of the startup phase, pH reached to 7.3 ±0.1 in MEC. In the phase II, the pH reached to about 8.1 (0.6 V), 8.3 (0.8 V), 8.6 (1 V), respectively. This suggests that the pH of the MEC increased with increasing of applied voltages. These results seem to be due to the excessive use of hydrogen ion, cathodic reduction of CO 2 or H + for producing CH 4 or hydrogen, respectively. It seems that the decrease of methane production can be related to the increase of the pH level [39] .
In phase III, the pH level was appropriate for growing methanogens in the MEC system. During this phase, the pH was suitable for growing and overcoming the methanogens in the MEC. In continuous mode, the pH of effluent maintained a value of 7-7.4, throughout the experiments, while, its value was 8.1-8.6 in the batch mode. In continuous phase, the applied voltages can increase the level of pH, maintain the pH at a favorable r a n g e , a n d t h e r e f o r e , e n h a n c e t h e g r o w t h o f methanogens. A previous study suggests that the applied voltages in the MEC can lead to the pH enhancement, maintaining pH at a favorable range, and therefore, improving the growth of methanogens [40] . Also, the decreasing of HRT can lead to a decline in pH in MEC systems. The pH partially decreased as the HRT decreased from 72 to 48 h (7.4 to 7.3), while the decrease HRT from 48 to 24 and then from 24 to 12 h lead to decline pH to 6.7 and 6.2 respectively. So, the results show that optimal pH for methanogens is between 7 and 7.4.
The production of methane
Methane production was detected after 14 days of operation in MEC. Because of the low growth rate of methanogens at the earlier days (0-15 d), methane production was very low in the startup phase. Thus, most of the hydrogen was produced in the first 5 days of the startup and most of the methane was generated after 21 days. The methane production trend increased rapidly from the 20th day to a maximum of 40 ml around days 30. At the end of the first phase, the methane production rate in the MEC system was more than its rate in the control system. It seems that the biofilm developed on the electrode might help to enhance methane production rate in the MEC.
In the phase II, the methane production was simultaneously increased from 55 ±1 mL to 58 ±1 mL and from 58 ±1 ml to 63 ±1 ml when the applied voltage increased from 0.6 V to 0.8 V and from 0.8 V to 1 V. By contrast, the maximum cumulative hydrogen production of the MEC system at the applied voltages of 0.6 V, 0.8 V and 1 V were 22 ±1 , ml 20 ±1ml and 9 ±1mL at HRT of 48 h, respectively. At the end of this phase, the values of hydrogen, methane, and carbon dioxide were accounted as 11.1%, 75.3% and 5.1% within the biogas produced in MEC at 0.6 V. In phase II, the maximum of methane production in MEC system was almost 1.6 times higher than that of MEC in phase I. Also, this amount was 1.4 times then the maximum of methane production in MEC control reactor in phase II. In phase II, according to the empirical formula (Eq.7), the estimated methane production converted from COD removal Under a temperature of 35°C and ambient pressure was 137.5, 152.5 and 156.9 mL for each of voltages 0.6, 0.8 and 1 V respectively. The ratio of measured methane production to estimated values was 40%, 38% and 40.1%, respectively. The ratio reached the peak when the applied voltage was 1 V. In phase III, the methane yield increased from voltage 0.6 V to 1 and reached to a maximum value of 79 ±1 mL at 1 V. The trend of methane yield change was similar to that of the COD removal variation, so that both reached the max on 1 V. In this phase, the maximum methane production rate was 64±1 mL with a hydrogen content of 19.8% and a methane content of 70.1% at an applied voltage of 0.6 V. When the applied voltage increased to 0.8 V, the maximum methane production rate increased to 75±1 mL with a hydrogen content of 15.4% and a methane content of 74.7%. Finally, as the applied voltage increased to 1 V, the maximum methane production rate increased to 79±1 mL with a hydrogen content of 8.3% and a methane content of 78.9%. In phase III, both COD removal rate and methane production were higher when the applied voltage was controlled at 1 V. The estimated methane production converted from COD removal was 99.6, 131.2 and 132 mL for each of voltages 0.6, 0.8 and 1 V respectively. In this phase, the ratio of measured methane production to estimated values was 64.2%, 57.1% and 59.8%, respectively.
In phase IV, the proportion of methane and methane production rate increased as the HRT decreased from 72 to 48 h, which is most likely due to increased loss of organic compounds [15] . The trend of methane production rate variation was similar to the COD removal change, both got to the max at HRT of 48 h. By contrast, the gradual decrease of HRT from 48 to 12 h led to decrease of methane production. The decrease of CH 4 production in the both reactors was because the acidic pH due to the organic acid accumulation under a short HRT. This trend is probably because of the partial washout of the methanogenic biomass. Also, the previous studies suggested that this effect could be a result of substrate inhibition at lower HRTs. During the anaerobic process, when HRT decreased, the methanogenesis process changed into the acidogenesis process. Therefore, hydrogen content is increased. Also, the results show that the low and high organic loading r a t e s w e r e s u i t a b l e f o r m e t h a n o g e n e s i s a n d hydrogen-producing bacteria, respectively [41] . Actually, both methanogens and exoelectrogens were influenced by the acidic pH caused by higher influent load [42] . However, it seemed methanogens were more sensitive to acidity than exoelectrogens. Based on the results, the hydraulic retention time has a greater effect than the applied voltage on methane production.
In phase IV, the estimated methane production converted from COD removal was 108.3, 132, 116.6 and 54. 5 Tests performed in the control system revealed that, at all HRTs, comparable amounts of methane were produced in the absence of applied voltages. Operation in open-circuit conditions (control system) was associated with lower CH 4 production rates with a biogas mostly consisted of CO 2 .
Considering the results, as the applied voltage increased along with increasing COD removal, the proportion of carbon dioxide decreased, while methane production was increased. Also, the proportion of hydrogen gas changed by the applied voltage. The result shows that in the MEC not only a greater amount of substrate was consumed, but also a significant amount of the CO 2 was diverted to the methane gas production.
In MEC systems, bioelectrochemical production of methane was theoretically continued in two pathways. Firstly, the methane generation through the direct electron transfer mechanism (reaction 2). Secondly, the methane generation by the indirect electron transfer mechanism. In the direct electron transfer mechanism, H + is used for the cathodic methanogenesis, which led to the increased pH. In this study, the hydrogen gas was observed in all of the phases in different conditions. The existence of hydrogen in the biogas in all tests suggests that the indirect mechanism is predominant rather than the direct mechanism [16] (4).
Microorganisms morphology observation by SEM
The biofilm of the anode was analyzed by SEM to characterize its structure and morphology. SEM imaging shows that the surface of the anode carbon cloth includes the formation of a biofilm layer. Figure 5a has demonstrate that biofilm of the anode was visually dense. As shown in Fig. 5a , most of the carbon cloth was covered by amorphous layers. The previous study mentioned that the bacterial cells in highly enriched biofilms accumulate as densely packed amorphous layers which completely cover the surface of the anode. [18] . In the present study, anaerobic sludge was used as inoculum source. Therefore, the amorphous structure observed in Fig. 5a could be caused by a microbial biof i l m f o r m e d d u e t o t h e l o n g -t e r m o p e r a t i o n . Nonetheless, when closely analyzing the pictures with the 1 μm scale bar in Fig. 5 .b several rod-shaped structures can be seen. So, this finding indicates that Several distinct morphotypes were present at the anode biofilm.
Conclusions
The influence of several variables such as applied voltage, operation mode, hydraulic retention time on COD removal, methane production rate, the content of methane, current profile, and pH level were determined. In the batch mode, COD removal reached to 85.9% at an HRT of 48 h under an applied voltage of 1 V. While, in continues mode this value reached to 75.3% at an HRT of 48 h under an applied voltage of 1 V. However, the maximum methane production in the continuous mode was almost 1.6 times higher than which in the batch Fig. 5 Photograph of scanning electron microscope of the anodic electroactive biofilm observed after than 110 days of MEC operation. Scale bars are indicated in the bottom left for both pictures mode. Considering these results, the increase of applied voltage had a positive effect on COD removal, methane content, and methane production rate. The results also show that the low and high HRTs were suitable for hydrogen-producing bacteria and methanogenesis, respectively. These results suggest that the single membrane-less microbial electrolysis cell is a promising process in order to the treatment of low-strength wastewater and methane production.
